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FOREWORD

As a consumer of textiles the Quartermaster Corps has a major
interest in understanding the contribution made by the properties
of materials to the performance characteristics of end items.
Although much Quartermaster research is concerned idth the
investigation of fibers and yarns as textile components, its
ultimate objective is not simply to study their properties in
a general sense, but to relate these properties to end-item
performance.

This report by Dr. R. G. Stoll, which had been begun prior
to his coming with the Quartermaster Research and Development
Laboratories at Philadelphia, was developed during the course of
his work with that group. In large part it represents a consolida-
tion of Dr. Stoll' s thinking based on his extensive experience
in this field and of our own approach developed over the years
in our day-to day-contact with the military requirements of
textiles.

We believe that analyses of this type will be useful to all
students of the problem of developing better textile products for
consumers and to those who seek to translate the properties of
fibers and yarns into end products of more satisfactory performance.

S. J. KENNEDY
Research Director

for
July 1953 Textiles, Clothing and Footwear
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Abstract

This paper presents an analysis and classification of the
varied and complex end-use requirements for all types of textile
structures and a summarization of a large body of information on
fiber properties and their propagation into yarns and fabrics which
has come to light in many studies on this subject especially in
recent years. The discussions in general are on a broad qualitative
basis, although they include some semiquantitative expressions of
value in determining fiber, yarn, and fabric quality. The paper
concludes with an analysis of the properties needed to meet the
specific requirements of an important group of apparel fabrics.
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le INTRODUCTION

Textile materials such as woven, knitted and braided fabrics,
as well as felt, are distinguished from other materials such as
plastic films, rubber sheeting, and metallic foil by a unique
combination of inherent material properties and a moast complicated
morphology or macrostructure. In other words, the complex
interactions of fiber properties and fiber, yarn, and fabric
geomtry are responsible for the behavior of textile materials
and their extraordinary capacity to meet a multitude of often
conflicting end-use requirements. To discuss the quality of
textile materials in the light of end-use requirements and to
outline the interrelationship with the fiber properties is the
purpose of this paper.

As hcroft, (l) Buck,(6) Hamburger, (13) Hoffmann,(15) Kuenzel (16)
SmLth,(25)oand others in the United States; Cassie,(7) peirce,t22)
Whittaker,(28) and oters in Englani; Boehringer, Koch, Somer,
Stoll and Weltuien ( 1  in Germany have concerned themselves with
defining and classifying characteristics related to end-use
requirements of textile materials. More recently under the
research programs of the U. S. Army, Navy and Air Force, textile
requirements for military purposes were studied more specifically,
and valuable information was obtained on the relationship of
certain service characteristics and fabric and fiber properties. (10)
In connection with these studies on the quality and serviceability
of textiles, the necessity of applying an engineering approach to
the development of textile materials and to the utilization of
fibers and finishes particularly the newer ones, was also strongly
advocated. This problem which is sometimes referred to as the
"blueprinting of yarn and fabric , ructures" was clearly outlined
by Collins as shown in Figure 1. )  According to Peirce,(22)
its systematic investigation includes the following major phases:

(a) To analyze behavior in service to determine the
destructive agencies, the effects they produce, and their relative
importance.

(b) To determine the character of a fabric by observation of
its behavior under simple, known and constant conditions; that is,
to devise and apply definite tests - not complex wear tests, -
but tests of structure, strength, resistance to specific kinds of
abrasion or fatigue.
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(c) To correlate the measured characteristics with the
effects produced by the several important and essential types
of service actions.

It is not possible to discuss in detail within the confines
of a short paper how much or how little our present-day knowledge
has to say about this most complex problem. Instead, we intend
to analyze the problem as a whole and present the various end-use
requirements and fiber characteristics in an organized fashion,
and discuss the factors and interactions contributing to fabric
performance on a broad qualitative basis. The interaction and
relative importance of some of the more important fiber properties
and geometric factors will be demonstrated by some quantitative
and semi-quantitative results. In summary, this will indicate
that the versatility and superiority of a commercial fiber is
primarily determined by a combination of many fiber properties,
form factors and such complex characteristics as spinnability,
weaveability, knitting quality, dyeing characteristics and
adaptability to various finihing treatments, and not by only one
or a few outstanding fiber properties.

2. END-USE 1EUIMENTS

The end-use requirements of textile materials are determined
by a large number of conditions under which textile end items
have to function in actual service. These service conditions may
by divided into three categories: (1) end item, (2) environ-
mental condition, and (3) customer preference. Table I gives
an outline of these three categories of end-use conditions.

More than 500 end uses of textile materials, primarily
fabrics, can be distinguished, even if only the major items in
each of the five end-item classes are considered. Each item
calls for specific requirements which, in addition, may vary
considerably according to the environmental conditions under
which they will be used or by desires and preferences of the
individual customer. It is neither possible nor necessary
in this article to list for each individual case all the major
and minor requirements. Instead, a classification has been
prepared which will facilitate for all kinds of textile materials
the analysis of the end-use requirements and their evaluationg
whether the method of testing is by laboratory techniques or
field trials.

-3-
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The end-u@se requirements of most fabrics and other textile
products may be divided into nine major categories as shown in
Table II

TABLE II

CLASSIFICATION OF END-USE RIQUIBENTS
OF 7EXT ILE MATEMIALS

1.00 Aesthetic appeal Functional characteristics
determining:

2.00 Ease of handling

3.00 Form stability
Suitability

4,00 Physiological requirements
Adtability

5.00 Special functional
requirements

6.00 Retention of Characteristics determinings
aesthetic appeal

7.00 Resistance to
chemical degradation
and disintegration Wear resistance

8.00 Resistance to mechanical
fatigue and wear

9.00 Ultimate strength
and resistance to
fortuitous wear
and tear

Numbers 1.00 through 5.00 represent those requirements which
determine if the material has the desired appeal and the proper
suitability and adaptability. Numbers 6o00 through 9.00 are
concerned with the durability and wear resistance of textiles in
the widest sense of the terms.

-5-



Each category can be subdivided into a large number of
component characteristics, most of which in terms of physical
and chemical properties are still rather complex. Table III
presents this detailed and generally applicable classification
of end-use requirements with a total of more than 150 individual
characteristics.

The relative importance of the isolated end-use character-
istics listed in this table can be accurately determined
only on the basis of extensive service and laboratory tests.
At present it is known only for a small number of items,
principally in the industrial and military field. However,
for many other end uses adequate estimates may be obtained
by a qualitative analysis of the various functions.

Having defined, analyzed and classified the end-use
requiremnts of textile materials it seems appropriate,
although the subject has been sufficiently covered in the
literature, to summarize briefly the fiber properties in a
logical order before attempting to link them together with
the fabric behavior and end-use requirements.

3. FIBER PROPERTIES

Under this general term only those characteristics will
be considered which can be defined in terms of quantitative
physical and chemical Droperties. The fiber properties ight
be divided into four categories %iich express the basic
differences among then:

(1) Inherent properties of the fiber material.

(2) Geometric form (Gestalt) of the individual fibers.

(3) Physical properties of the individual fibers.

(4) Characteristics of bulk fibers.

Table IV lists more in detail the individual properties
that can be distinguished in each category.

The inherent physical properties of the fiber material (most of
which cannot be measured directly) in combination with the
geometric form of the individual fibers (measurable) determine
most of the fibers' physical properties. The latter character-
istics (adequate test methods are available) in combination
with some characteristics of the bulk fibers are responsible
for the yarn-forming characteristics. In other words, the

-6
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translation of the inherent physical properties of the fiber
material into the individual fibers and into the bulk fibers is
primarily effected by the geometric form of the individual fibers.
In the more organized forms of fiber assemblies such as in sliver,
roving, and yarn, additional geometric factors are introduced, and
by the interlacing of the yarns in a fabric the mechanism becomes
still more complicated. In spite of the many form factors the
character of the individual fibers vill determine to a large extent
the behavior of fabrics. It is evident that the chemical properties
listed in column 1 of Table IV as well as the thermal characteristics
determine directly the corresponding fabric properties almost without
interacting with the construction of yarns and fabrics. The
geometric form of the fibers, their packing density in the yarn,
and the density and thickness of the fabric may somewhat change the
rate, although the degree or order of magnitude of these properties
will not be affected significantly by the geometry of the fabric.
In checking through the end-use requirements as shown in Table III
one will note, however, that the chemical characteristics are by
far outweighed by requirements which are primarily physical in
nature. To analyze the factors contributing to the physical
behavior of fabrics will be the object of the next section.

4. FACTORS DETERMINING THE PHYSICAL BEHAVIOR OF FABRICS

The major factors contributing to the physical behavior of
fabrics are schematically outlined in the flow chart shown in
Figure 2 which illustrates that the overall physical behavior of
fabrics is determined by the physical behavior of the yarn and the
geometric form of the fabric. These two characteristics in turn
are effected by the interactions of several groups of basic fiber
properties and processing conditions as indicated in Figure 2 by
the connecting lines. The physical behavior of yarn as indicated
in this figure is thus generally determined by the physical
properties of the individual fibers and the geometric form of the
yarn, i. e.,the orientation and packing density of the individual
fibers within a yarn structure. The latter characteristics are the
result of the general spinning characteristics which in turn are
effected by the physical properties of the individual fibers; the
characteristics of bulk fibers (fiber assemblies),such as interfiber
cohesion, drawing characteristic.3, and cleanliness; the yarn
construction (twist, yarn number); and the spinning conditions which
again are composed of several major and a great many minor contributing
factors.

Table V shows in detail the various individual characteristies
into which the physical behavior of yarn, the bulk characteristics
of fabrics, the geometric form of fabrics, and the fabric construction

-8-
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characteristics may be subdivided. It also indicates by equations
the interactions of some of these factors. Most of these character-
istics can be measured and expressed in defined physical properties.
Others, particularly the parameter describing the geometric form, can
be calculated as indicated in Table V.

It is not the object of this paper to discuss the contribution
of yarn and fabric geometry to t he physical behavior of fabrics.
However, it must be mentioned that such characteristics as hand and
drape (1.20), tailoring quality (2.10), resistance to shrinkage (3.10),
crease resistance (3.20)pstretchability (3.30), compressibility (3.40),
comfort (4.10), water resistance (4.30), wear resistance (8.00) and
others very often are as much or even more affected by the geometric
form of yarn and fabric as by the fiber properties. For those
interested in this field the basip21rc of F. T. Peirc 2., 23) and
the more recent papers by Backer %2,.,4,)) and Painters20) are

recommended for study.

The multitude of factors contributing to yarn behavior and the
complexity of the interactions involved is still better demonstrated
in the qualitative analysis shown in Figure 3. This flow chart not
only lists the multitude of factors and conditions contributing to
the mechanical behavior of yarns, but indicates as well existing
interactions. It analyzes the mechanical behavior of yarns in terms
of the mechanical properties of the individual fiber (Fl through F5)
and of the geometric structure of the yarn (Gl through G6)* The
mechanical properties of the individual fiber in turn are a function
of the inherent properties of the fiber material (Al through A9) and
of the geometric form of the individual fiber (Bi through B6). The
geometric structure of yarn (G) is the complex result of numerous
interactions between the geometric form of the individual fiber (B),
the overall spinning quality, and the yarn construction (E).
Spinning quality in turn is a very complicated function of many
factors which can be classified into the following four groups:
geometric form of the individual fiber (B), spinning, factors of
bulk fibers (C), processing conditions (D), and yarn construction
characteristics (E).

Each item (property, characteristic or condition) in Figure 3
is classified by the number or letter shown to the left of the item.
The circles around these numbers or letters are coded as shown in
the legend.

Figures 2 and 3 and Table V also indicate that the behavior of
textile materials is influenced to a large extent by the manner in
which the individual fibers are arranged in a yarn and the pattern
in which the yarns are interlaced in a fabric. The effect of the

- 11 --



geometric form of yarns and fabric becomes even more evident
by the following consid ration. Textile structures have been
characterized by Morton 19 as being somewhere between two extremes:
(a) an arrangement of fibers and yarns fitting together perfectly
and adhering to one another so that they possess no power of
independent movement and (b) an arrangement of fibers free to move
and rotate in any direction entirely independently of one another.
In the former case, the yarn or fabric would behave like a mono-
filament or film of a given diameter or thickness, respectively.
In the latter case, the structure would be that of a quasi-liquid
and its behavior would be roughly the sum of the behavior of the
individual fibers. In order to illustrate the effect which these
two extreme limitations would exercise on the bending stiffness of
a yarn of 300 denier and 100 filaments, one can show that the
stiffness in case (a) would be 100 times greater than in case
(b).* A similar effect is exerted on compressibility which in
combination with stiffness contributes most to such fabric
characteristics as hand and drape, softness, reul4ience, and
wrinkle resistance, as well as tear strength and wear resistance.
It must be understood, of course, that practical yarn and fabric
structure may approach, but can never reach, the conditions
corresponding to these two extremes.

These few remarks on the importance of the morphology of
yarns and fabrics together with the outline given in Table V
and Figures 2 and 3 may be sufficient to demonstrate the
contribution of yarn and fabric geometry to most of the physical
end-use requirements of fabrics. It may be appropriate at this
point to elaborate on the significance of the geometric form of
the individual fiber, which plays a role equally as important as
inherent material properties and yarn and fabric geometry in the
propagation of fiber properties into fabric performance.

*According to the formulae given in Table VI (page 14) for
moment of inertia and stiffness of individual fibers,

bending stiffness of case (a),bonded yarn, (3W)2 x C x E

(density) 2 x L
bending stiffness of case (b), yarn with 100 x (3)2 xC x

maximum movement of individual fibers, - i00y) 2 x L ,(density) 2 x L

where C is a conversion factor, E tensional modulus of elasticity,
and L the unsupported fiber length.

- 12 -



All1 IN3S31d
S110IOVJ o081 JO 13~JA IV NM011) S00ON13N1 HIM1

1V00O338 0010 IOIOVS11i mv 03IVfl1VA3 30 10N IWO W311

0311MGM3 -0113V11VH3 36 IwO N311
10110100 W 1 S131 O N 1 vivo O311OSV3u

SNO111113iJ1 IO ssisva3H
NO SI0IU30 S3I18VA N311 '*1330J I

/- _od- NO A13AIlVIINVAD

031VnIVA113 39 NVO N311

031081103 IN 31OV1lVAV 381V
03113S111 S11OI3VJ 9011V1NN3130 SI i 5001 SO13N
I S31I13iOid JO MOlIOOj 0111 SN8131 3AlIV1111Vn a

1033VI0 V Si N1 II ONS N311 N1 03IA30 39 IWO W311

NOu vZINOI'AlIUIN go V3 6VWI
nm 'fjnL4 ~flWd3±

S11O0iIONO3 *
3IUI3HdSOVi1V 9 IlVMSS314N1Sq

fl59~~NF1 ON ISIM. 19'9NI- -* Zi- NVISNOOS3NI=oN IHO NOISS3IdINOo 9 r~ so13N QVD } ~ 3W~1I
L 4 0 S 3 3 A 3 3 1.L W I S ' I N 3 1 WA W 3 9V 3 ,V

9NSS3001i' .o .N3 V38 9V'.kI~±fO~"VY -9 VO31313
F3IsW3 N0rd 3O VA(ns 3 DV87 3AV -F I Z Z

0IO V01 ONI.SIMI. - 11VM/ -. I~L~OO IVI -I
30 01 ~~~~~3NVISIS38 m s vALninc .1

is , NILSkHA~VW8I)d A10 SS3N4 f

Nil dA-3)IV.L %4PJd (. -, gs3f±~dI v iVi'H 3 Z)3db 9
somm-mm1WL 0-~SG' 3nIl

O33dS AH3AII30 0 1 AON3flO3UA D o. ga NOIJdWOS9V

(v N011VIN3180 ONV 01 3IiAISiOP

30~I .SM± q jvtia JO 3ZIS q ISS3NI.3Vdr0 IN3 SNO 1f1mOANO3 f
io ia~n~w~sia , tg -83AI0 -40 S881 tp aV dINJ 1VI9f1Miffi

NIL1SAS D~ wing1 N33MI39 NOI I13AS-0 MV'v
v23v 13 DO3~±i. ONIISIMI 6 0~~ Qs OI 30N383HOO 9Vo-3 uS'3-0

r ---- IS NO3 - INgy 3dVHS
LSM-N, - NOI.MV±N31140 q A~Vi~I ~ ON NOIOS % o isisi V3V qIV NVY418

033dS - (SS3N13YdF4O31

SJ3Afl33 Ni~wm pA~f NI0 1VA-i3 -3--±

IV4ranoS0 14±0N8w. win zo ln

(MAi.OIOI 
IN31HISUO±V

soSOUV3 isfl IVOl3SO±I q
.40 sinoNIkiSAN3AHS

suo",3 SOjMdII 018 N 3ViANV

3OiWSNWA 1 S lV OI 31V XI1314ON0

rT23 JvI A0 M01IUA q3~lI N'Z8 NI1VV NOIAVINWAU I'dI

HISN3W.S~~S IS~NLN~.S±

0(h1~31AS DVN 'di4s -mj0 SCOM iONT NW3IMS3 0JIhISM~

UNI IONI ISNNIJ dIIMS3LSIW iI.LS' 9vOO1 8IO391 -01-) O
S -. ~d~ IA1 NOJVN13-OVl1V

---- --- --- --- --- --- --- -- ~V I O 3
2*llslw3LLOVHVSNHV Sum wio ioAVH1439nllll l.0 rV~.~L"831,

~~VOIN1MDMR OHL BNIIWW3.L30 .3OO. H O N IV~IS~) g SS~N
vio~nisimwuv SWlOW ONNN~S KA DN13039S~lM~d~d N38NN



5. SIGNIFICANCE OF THE GEOMETRIC FOF( OF THE INDIVIDUAL FIBERS

The contribution of the geometric form of the individual
fibers to the behavior of fibers, yarns, and fabrics has been
indicated in Tables IV and V and Figures 2 and 3. It is now
our purpose to discuss and demonstrate in greater detail the
effect of the dimension and shape of the cross section of
fibers on such properties as fiber surface, banding stiffness
and torsional rigidity. These-=7ier c aracteristics in turn
e{enMine, to a arge extent, many important end-use require-

ments. Cassie,(8) for example, has shown that the surface of
bulk fibers, which is a function of fineness, density and cross-
sectional shape, provides a drag on air movement that gives
fabrics and battings their good heat insulation. A large
accessible fiber surface contributes significantly to water
absorption, drying speed, and water vapor transmission, and
is an important ac or in determining the comfort of a textile
material. Smith( 25 ) also discussed the significance of the
fiber shape for the engineering of textile yarns and fabrics.
He showed that the stiffness of fibers is as dependent upon their
fineness as upon the inherent material and consequently that
fiber fineness is a major factor in determining the hand and
drape of a fabric.

Formulae and conversion factors have been derived for tbe
quantitative consideration of the influence of the geometric
character of fibers on the physical behavior of textile
structurese Enough of these are shown in Table VI for the
convenient calculation of fiber perimeter, fiber surface,
axial and polar moment of inertia, stiffness, and torsional
rigidity. The formulae are expressed in terms of easily
measured fiber properties and they apply to any material,
regardless of fineness or cross-sectional shape.

By comparing the actual variability of the geometric
form and of the inherent properties of all major natural
and man-made fibers, the data given in Table VII were obtained
showing the relative importance of these characteristics
with regard to stiffness and fiber surface.

-13 -



Table 3
GEOMETRICAL DATA OF TEXTILE FIBERS

RMATIO OMA B PERIMETER MOMENT OF INERTIA CONVERSION FACTORSCROSS SECTION DIM.EuwS ______
CROSSSECTION (SHAPE FACTOR FACTOR AXIAL (X) AXIAL (Y) POLAR

I 35.5 7.96 7.96 15.92

Y b/0. 637 36.6 12.5 5.1 17.6
x b/o. 5o 41.0 15.6 4.1 19.7

b/o".413 43.7 19.2 3.3 22.5
b/o". 3i 47.8 25.0 2.5 27.5

b/a 1.000 40.0 8.35 8.35 16.7
b/o . 637 41.0 13.1 5.3 18.4

_\ _ b/au .509 42.3 16.3 4.3 20.6E. b/ao.413 44.0 20.1 3.5 23.6
b/am. 318 46.7 26.2 2.7 28.9

Y

r = 8-- -53.T 9.65 9.65 19.3

- 0.413 45.6 9.70 9.70 19.4
4 r2 T

Y dr .637 45.5 17.0 17.0 34.0r
_x .509 49.7 23.3 23.3 46.6

.413 54.5 30.6 30.6 61.2

.318 62.8 42.0 42.0 84.0

ly ELLIPTICAL RING OBTAINED BY DEFORMATION OF CIRCULAR RING WITH
( )RATIO. 0.509

b /a .500 51.0 36.0 11.5 47.5

da 0.0 52.5 127.9 6.4 134.3

b/o'w0.73

__x AREA "0.45 53.5 41.2 18.5 59.5
7/ 2 IT

PERIMETER OF INDIVIDUAL FIBERS. PERIMETER FACTOR VIFi U I0- 4

(Cm.) DENSITY

SURFACfOFINDIVIDUAL FIBERS a PERIMETER (Cm.) x FIBER LENGTH (Cm.)
M )

TOTAL SURFACE OF A MASS OF FIBERS a PERIMETER FACTOR WEIGHT OF FIBERS (g) a 10 - 2

(Cm 2 ) DENSITY x GREX (OF INDIVIDUAL FIBER)

MOMENT OF INERTIA z CONVERSION FACTOR x'REX2 a 1014

(cm4 ) DENSITY

STIFFNESS OF INDIVIDUAL FIBERS1 MOMENT OF INERTIA • MODULUS OF ELASTICITY
UNSUPPORTED FIBER LENGTH
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TABLE VII

RELATIVE IMPORTANCE OF GEOMETRIC AND INHEE]N FIE
PROPERTIES TO STIFFNESS AND SURFACE AREA

Per Cent Relative Imortance of:
Characteristics of Fiber Cross-Sectional Modulus of
Individual Fiber Fineness Shape Density Elasticity***

*87 6 1 6
Stiffness 45 45 6 35

Fiber Surface* 39 24 3 -

*These data are based on a variation of the fiber fineness from
1 to 10 grex, which covers the majority of fibers suitable for
spinning and other textile manufaturing processes. The cross-
sectional variation corresponds to that shown in Table VI. The
materials considered include all presently known natural ad man-
made fibers (except glass) as copiled in the Fiber Properties
Chart of the Modern Plastics Encyclopedia, 1949 edition,
**In this case F iberglas is included but the fineness range is

limited to from 1 to 5 grex, which covers the more important fiber
counts used in comercial processes.
***The relative importance of the modulus of elasticity as shown
here remains essentially the same whether this property is
measured by the static method or by the sonic or supersonic
procedure.

The controlling effect of fineness on fiber stiffness and
fiber surface,and consequently on many important service character-
istics depending o;, these fiber properties is clearly demonstrated
by the comparison given in Table VII. The cross-sectional shape
of a fiber has also a significant influence oz. the fiber surface
as shown in the table.

In the case of commercial fibers, relatively little
influence on fiber stiffness is exerted by the crqss-sectional
shape., as has been previously expressed by Saith.(25) This is
especially evident if one considers that the variation of the
cross-sectional shape between different fiber samples is often
not much larger than tha* within cve sample. Although its



effect is ef minor importance on fiber stiffness, the cross-
sectional shape may be a major factor in yarn stiffness. It
has been noticed that fibers with a ribbon or dogbone-like
cross section have a tendency towards packing together when
spun into yarns. This is particularly true when wet yarns or
fabrics made from such fibers are dried. Under these conditions the
cohesion between the fibers becomes so large that the yarn acts
like a monofilament, which is very undesirable in most applications*
Fibers with round cross sections and those with a permanent crimp
retain enough freedom of movement in the assembly of a yarn to
secure the desired softness, resilience, and flexibility.

The fiber density has very little effect on stiffness.
Its effect on fiber surface is somewhat larger, particularly when
Fiberglas is included in the comparison.

The modulus of elasticity or even the ide variations of the
composite stress-strain-time relationship (immediate elasticity,
delayed elasticity, permanent set) of all the available fibers, is
of secondary importance with respect to stiffness when compared
with the variations in fineness which are practical on the different
spinning systems. In other words, it is relatively easy to compensate
for a specific modulus by a proper selection of the fiber fineness
in order to obtain the desired stiffness, flexibility and softness
of the yarns and fabrics. Increasing the fiber stiffness as a
result of a higher initial modulus and a coarser fiber denier has
within certain limits given by the other requirements of a specific
item, a favorable effect on fabric resilience and resistance to
wrinkling.

Another significant correlation exists between cross-sectional
shape and size and the resistance to wear. For aterials with a
relatively high modulus it has been found (14,27) that fibers with
flat, elliptical, or hollow cross sections resist complex wear
actions better than round fibers* The strains produced by fatigue,
which causes a large proportion of var, are not as high in the
outer layers of flat fibers as they are in round fibers. However,
owing to the detrimental effect which has been noted in some of
the flat and ribbon-like fibers with regard to hand, drape and
wrinkle resistance, there are definite limitations in utilizing
such cross-sectional shapes independent of those given by the
fiber manufacturing process. Increasing deni Ip~filament
has also been found to improve the wear life.M , / No adequate
data are available at the present time as to where the optimum or
maxinm lies for different fibers and end uses. However, in most
cases the limitations are set by the poorer spinnability and lower
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spinning limit of the coarser fibers.

It is not the object of this paper to discuss the factors which
determine the processing quality of fibers. It must be mentioned
in this connection, however, that fiber fineness probably has more
effect on the spinnability of staple fibers than any other fiber
characteristics. Its effect is a twofold one. First, a certain
number of individual fibers are required in order to secure
sufficient inter-fiber cohesion and yarn evenness. Second, the
fineness has a major effect on fiber stiffness and therefore
creates more or less resistance to twisting, which again will
affect the yarn-forming characteristics.

If practical methods of grading natural fibers are looked
at from this point of view it becomes intelligible that the
classifying an practiced in the marketing of natural fibers is
not a mere trading quality but reflects quite well the physical
behavior of these fibers. This is particularly true since in
natural fibers the different geometric characteristics do not
vary independently but are interrelated to the stress-strain
characteristics.

This study thus demonstrates the necessity for concentrating
much more than in the past on the quantitative evaluation of
defined geometric fiber characteristics and their correlation to
the measurable characteristics of yarns and fabrics. For the
elucidation of serviceability and performance characteristics
of textile materials, these studies on the effect of the geometric
form of the fibers are at least as important as the investigations
of the inherent material properties which have been the subject of
so much interest recently.

66 PROAGATION OP THE HANICAL FBR PROPERTIES INTO YARNS

In Figure 2 it was indicated that the physical behavior
of fabrics is dtermined by the interaction of the physical
behavior of the yarns used in the fabric and the geometric form
of the fabric# that is, the geometric form in which the yarns
are interlaced in the fabric structure, Figure 3 showed that the
physical behavior of the yarn again is determined by the inter-
action of the physical properties of the individual fibers and
the geometric form of the yarn. In studying the multitude of
contributing factors and conditions listed in these figures one
might get the impression that the propagation of the fiber
properties into yarns and fabrics becomes totally obscured by
the many superimposed factors and conditions; i.e, that the
inherent fiber properties may contribute only a minor portion
to the behavior and that it will therefore not be possible to
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predict the behavior of yarns and fabrics on the basis of the fiber
properties. That this is not the case is probably best demonstrated
by the fact that yarns and fabrics made from different fibers show a
distinguished behavior which is associated with the inherent character-
istics of the fiber material and its geometric form.

Considering tensile strength, elongation, and bursting strength
of yarns and fabrics or such fabric characteristics as thickness,
softness, resilience, and crease resistance, we will find that all
are governed to some extent by the same or at least by closely
related physical phenomena* In testing these properties an
exterior force is applied to the specimen which causes displace-
ments and deformations of the individual fibers within the fabric
and yarn structure. The actions which lead gradually to a break-
down of fabrics and yarns by flexing and abrasion cause similar
displacements and deformations of the individual fibers* The
magnitude and duration of the exterior forces on the one hand,
and the freedom of movement in the stressed portions of the
individual fibers within the yarn and fabric structure in combina-
tion with the stress-strain-time behavior of the fibers on the
other hand, determine the resistance of the fabrics to deformation
as well as the degree of deformation which takes place in all the
service or test actions mentioned as above. Consequently, the
laboratory characteristics must be related to the stress-strain-tim
behavior of the individual fibers and to a certain extent must also
be associated with each other*

The characterization of mechanical yarn properties in terms
of fiber properties and parameters characterizing the geometric
form of the fibers has been the object of many ex inral and
theoretical investigations. Matthes and KeworkianMM , .W) in a
comprehensive study reviewed and supplemented the earlier studies
in this field. More recently Hamburger and Platt(12,13,24) in
their rigorous theoretical approach derived new formulae for the
tensile elastic behavior of filamentous and staple yarns. Their
approach is not only more elegant than the earlier ones, but the
models used in their calculation appear to be more representative
for the deformation mechanism in actual yarn structures. In
summary the tensile elastic behavior of yarns is determined by
the following three basic factors:

(a) Component Effect - Owing to the helical path of the
individual fibers in a twisted yarn, only a component of the
fiber tenacity is utilized when the yarn is stretched longitud-
inally. Twist and yarn diameter, i.e., the distances of the
fibers from the yarn axis, are the determining factors of the
he.. lix ange.e Increasing twist and yarn diameter produce higher
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helix angles and, therefore, cause a decrease of the effective
stress component and reduction of the tensile strength. This
effect is independent of the shape of the stress-strain curve
of the fiber material; in other words, the component effect is
the same for fibers of high or low modulus provided the yarn
geometry is the same.

(b) Serigraph Effect - The elongation of the individual
fibers at a given yarn elongation varies with their helix angle.
The elongation of fibers or fiber portions with the lowest helix
angle (located in the core of the yarn) is approximately equal to
the yarn elongation while fibers which are inclined toward the yarn
axis are strained to a lesser degree, Due to this difference
in the strain level of the individual fibers the stresses
effective on the yarn are distributed unevenly upon the fibers.
Those located in the center of the yarn have to carry more
load and reach the breaking point sooner than those in t he
periphery of the yarn. In fibers with a low modulus this effect
is not as evident as those with a high modulus, and for this
reason the latter are highly sensitive to twisting.

c) Yarn Evenness Effect - In the case of spun yarn the
actual number of fibers per cross section and their twist change
along the yarn due to the imperfections of the spinning process.
Therefore, the behavior of the yarn as resulting from the
component and serigraph effect will also change according to
the distribution pattern of fibers per cross secfion and helix
angles which can both be treated statistically.

Variations in the packing density of the fibers resulting
from fiber crimp, fiber stiffness, cross-sectional shape and
spinning conditiona have an effect on the yarn behavior in
addition to the fiber properties and basic construction of the
yarn as described by count and twist. The calculation of the
yarn behavior on the basis of the three effects mentioned above
will not be affected by such variations if consideration is
given to the variation of the helix angle resulting from fiber
crimp and packing density. On this basis it is possible to
predict with good reliability the following yarn properties:
breaking strength and elongation of yarns, take-up in twisting,
resistance to and recovery from stretching.

While a great number of studies have been carried out on the
tensile elastic behavior of yarns and fabrics, very little
theoretical and experimental information is available on the
compressional elastic properties. In the actual use of fabrics,

er-yarnzz m- .. - -*n to coL Lja as fitiLe g,
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or even move. Especially such characteristics as hand and drape,
wrinkle resistance, warmth, and mear resistance appear to be
affected by compressional elastic behavior as well as by tensile
elastic behavior, Basically, the two are interrelated, and the
approach taken by Hamburger and Platt will also be applicable for
determining compressional behavior. Factors which have a
detrimental effect on the tensile properties, such as low packing
density of the fibers and Uigh helix angle, will contribute
favorably to the compressional characteristics. This conflicting
behavior has not been given enough oonsideration in the past,
particularly with the man-made fibers. In using the natural fibers,
cotton and wool, the fiber shape to a certain extent automatically
took care of the compressional elastic behavior. In addition, the
trade had learned by trial and error that a yarn twist lower than
that which secures maxdmum strength is not only more economical,
but may also secure yarns of better end-use performance. In most
of the yarns spun from man-ma-de fibers the compressional character-
istics have been neglected in favor of the tensile properties*
To improve the yarns compression-wise we first must learn that
maxdmim tensile strength is not necessarily what we are looking
for. In addition, the manufacturing of permanently crimped
fibers and the selection of proper yarn twists will help to
improve the compressional elastic behavior of yarns.

7, END-USE DEMANDS ON FIBER PROPERTIES

To conclude and summarize the discussion on the interrelation-
ship of fiber properties, form factors, and fabric performance
we will now attempt to tie the end-use requirements to the fiber
properties, using as an example an important group of apparel
fabrics, namely suitings and outerwear fabrics. In Table VIII
individual fabric characteristics, which were classified in Table III,
are related to the various consumer requirements for this fabric
group, and test methods applicable for evaluating these performance
characteristics are given. Further, a priority rating is assigned
to each characteristic, Priority 1 indicating that maximum
performance with regard to the particular characteristics demanded,
Priority 2 meaning that certain minimum requirements must positively
be met, Priority 3 applying to characteristics of secondary import-
ance, and Priority 4 applying to those of minor importance.

Aesthetic Appeal - Appearance and retention of appearance with
regard to color is strictly a matter of the inherent fiber character-
istics and dye methods. In addition to the ease of dyeing and the
colorfastness, it in desirable that a fiber material perait both
union and cross dyeing when blended with some of the major fibers
used in this field such am acetatoe, viscoae and wmol.
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TABLE VIII

END-US = MOMREI'IJTS AND RELATED PROPERTIES
OF SUITING AND OUTERVEAR FABRICS

Related Fabric Applicable Test
Regtdrement Characteristic 11thods Priority

Appearance a) Subjective (visual)
evaluation 1

b) Physical (spectrometric
reflectance) tests

Retention of a) Subjective evaluation
Appearance 1b) Fastness tests 2

AESTHETIC Hand & Drape a) Subjective evaluation 1-2
AEAL Softness b Laboratory tests such as:APPEAL Resilience Compressional and

Touch tensile elastic
Flexibility behavior (stress-
Drape strain-time relation-

ship)
Flexibility tests
Friction tests
Drapemeter tests

Form stability in a) Tailoring test 1-2
Tailoring b) Laboratory tests such as
Sponging shrinkage ins
Pressing Sponging
Changing RH Pressing

Ironing
T___ __ ChaRN;!gRH
QUALM Resistance to Fraying test 2

fraying & Yarn slippage test
yarn lpage_

Sewability Sewability test including: 2
lan severance
Needle hole fusion
Nebdle hole retention
Seam efficiency

Comfort Weight 1-2
Weight Laboratory tests as for
Touch hand and drape
Drapeaility Heat transmission

PHYSIOLGCAL Warth or Air and water vapor
REQUIRE)ACM Coolness permeability

Static Electricity Absorption
Heat of absorption
Rate of drying

_Static testa
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TALE VLU (Cont.)

ZND-USE BMUIREUFTS AND RELATED PAOPRTIES
OF SUITING AND OUTERWEAR FABRICS

Related Fabric Applicable Test
Requirement Characteristic Methods Priority

Water Resistance Static and dynamic 3-4
absorption tests,
rain penetration

PROTECTIVE tests
REQUIRE TS Fire Resistance Flame resistant test 3-4

Rate of burning test
Cigarette test

Resistance to Shrinkage tests using
shrinkage in washing machine, tumbler
Sponging dryer, U. S. hfffman 2
Wet-dry cleaning press, special air 1-2
Laundering chamber 2

DIMENSIONAL Pressing and 1-2
STABILITY ironing

Changing RH 1-2
Resistance to a) Wear tests
wrinkling b Lab, wrinkle tests 1

Retention of creagoe Crease Angle tests1

Resistance t o and Wear tests 12
recovery froms b) Tensile and

stretching and compressional testsoo. esfion
Effect of wear on a) Wear tests 2
appearance b) Abrasion tests to

duplicate shine,
crocking, pilling,

WEAR threadbarenes
RESISTANCE Breakdown of fabric a) Wear tests

structure by gradual b) Flex and surface
wear abrasion tests 2

Tearing Tearing strength test 2-3

1 Snaagina 1-as resistance 2-3
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Luster, another factor in appearance, can be varied in all
man-made fibers in a wide range both by delustering of the fiber
material and by a proper selection of fiber fineness and shape,
or a combination of these. In addition, yarn twist, crimp, weave,
and cover factor may have a significant bearing on fabric luster.

The hand and drape of fabrics are largely determined by
their tensile and compressional elastic behavior. The mechanism
of these properties has already been discussed. The inherent
tensile elastic behavior of the fiber; fiber, yarn, and fabric
geometryj as wll as the interfiber friction contribute to
the tensile and compressional properties. Experimental evidence
indicates that textile fibers whose initial stiffness is high,
whose stiffness decreases as the deformation exceeds four to fLe
per cent (approximately 1 to 1.5 g/den) and whose immediate
elastic recovery is high in the low and medium stress-strain range
secure not only good hand and drape characteristics, but also the
resilience and wrinkle resistance desirable in apparel fabrics in
general* However, the inherent characteristics alone are not
sufficient to produce optinim fabric performance with regard to
the characteristics under discussion. A permanent helical type
fiber crimp can help considerably in meeting the softness,
resilience and flexibility requirements and can also contribute
to crease resistance, warmth and wear resistance.

Tailorinx Quality - So far as the individual fiber is concerned
the characteristics determining the tailoring quality such as the
form stability, sewability, and resistance to fraying and yarn
slippage ares medium to high elastic modulus in the low stress-
strain range, low or medium absorbency and swelling characteristics,
and a medium to low regain (or at least the fiber should not change
its dimnsions significantly when passing from one moisture
content to another). Wet and dry heat as exerted in sponging,
pressing, and ironing should not plasticize the fiber material,
nor should it cause swelling or shrinkag. The melting point of
the fiber and its frictional characteristics against metal must
be such that sewing does not cause needle hole fusion and yarn
severance. Depending on the surface preparation of the fiber,
the tightness of the weave, the needle type and sewing speed, a
softening or melting point higher than 250 C will prevent needle
hole fusion. In some cases fibers with as low a melting point as
200 C. can secure satisfactory sewability even under conditions
which produce maximum heat. A low packing density of the fibers
within the yarn as created by proper crimp and yarn constructions
will also help to improve this characteristic.
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Physiologlcal Requirements - Comfort is still one of the most
obscure characteristics of textile fabrics, at least when we try to
express it in terms of definite physical and chemical character-
istics. However, so far as the weight, touch, drapeability and
static electricity are concerned, which all contribute to comfort,
enough knowledge is available on the requirements. Vdth regard to
properties of the individual fiber it is desirable to have fibers
with a relatively low specific gravity which secure max] mm coverage.
The demands on the fiber from the drapeability standpoint have
been discussed above. The touch puts certain limitations on the
modulus (not too stiff, not too low) as well as on the fiber
denier, but it is largely determined by the yarn and fabric
geometry which contribute to the surface contour of the fabrics,
and by, the finish which .may change the interfiber friction as well as
the wicking characteristics. The cross-sectional shape as outlined
under hand and drape, i.e., the tendency of flat cross sections to
pack together, also enters into the picture. Hygroscopic fibers
do not present any problems so far as the static electricity is
concerned. In hydrophobic fibers this problem may be overcome
by anti-static agents. However, it must be considered that some
of these agents may conflict with the hand and drape requirements
as w-3 as those required to prevent water penetration and
excessive icking. The most important fabric property contributing
to warmth is thickness that is not lost during wearing. Fibers
with a low specific gravity, high initial modulus and elastic
recovery both dry and wet, and a permanent crimp contribute most
to fabric thickness. It is not yet clearly known what effect a
low, medium, or high regain has on warmth and coolness. However,
excessive wicking resulting from a highly wettable fiber surface,
which can be present both on hydrophylic and hydrophobic fibers,
appears to be undesirable for comfort. For coolness the most
decisive factor is minimm fabric thickness. In order to be
able to produce thin fabrics a fiber material must be sufficiently
tough in addition to the other requirements outlined before.
It must also secure sufficient coverage in thin fabric and should
not be translucent. For water impermeable fabrics staple fibers
with a moderate amount of swelling and absorbency appear to be
the most practical. They will secure, under dry and wet conditions,
the required tightness and still retain some water vapor permeability.
In order to obtain water repellency the surface of the individual
fibers should be hydrophobic. This will also help to resist soilage
produced by the hydrophylic components of natural soil.

Dimensional Stability - The most important fiber properties
contributing to shrink resistance are minimum swelling in water
and cleansing agents, resistance to fibrillation by wet abrasion,
and dimensional stability of the individual fiber at temperatures
up to 150 C. For wrinkle resistance, in addition to the properties
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already mentioned under hand and drape, the fiber material should
bW preferably of low regain and absorbency. A round cross-sectional
shape also appears to be of advantage. Coarse fibers tend to resist
wrinkling better than fine fibers, while fine fibers recover more
easily from wrinkling than coarse ones. Permanent fiber crimp can
contribute considerably to wrinkle resistance since it helps to lower
the stress and strain level effective upon the individual fibers.
For crease retention the most important fiber properties are
adaptability to heat setting and minimum regain and absorbency.

Wear Resistance - In order to resist the complex mechanical
wear actions which cause fiber breakdown in yarn and fabric
structures, the following fiber characteristics appear to be most
desirable: high elastic energy absorption, dry and wet (product of
strength and elastic elongation and shape factor); high absolute
and relative knot and loop strength.

For gLven strength properties, fine fibers from 1 to 2 denier
have a lower overall wear resistance t han those in a range of 3
to 5 denier.

Fabrics made wholly or in part of extremely tough fibers
(maximum elastic energy absorption) have a tendency towards pilling.
However, by changing the geometric form of the fibers, yarns and
fabric (high crimp, medium-to-high twist, short floats) this
deficiency may be overcome.

The foregoing brief analysis of the end-use requirements of
textiles and the interactions of fiber, yarn, and fabric properties
has attempted to show in broad perspective a problem usually discussed
from a more limited viewpoint. Its purpose is to discourage the
oversimplification often implied in studies of basic fiber properties
that fail to take into consideration the translation of these properties
as the fiber is converted into a yarn and then into a fabric; or in
studies which overemphasize fabric and end-item evaluation without
giving sufficient attention to the basic causes of the behavior noted
and the multitude of performance characteristics required. The fiber
scientist and textile technologist should be aware of the complexity
of the overall problem facing him in the development of improved
fibers, yarns, and fabrics.
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